Abstract: Motivated by black hole physics, we define the Unruh state for a scalar field in de Sitter space. Like the Bunch-Davies state, the Unruh-de Sitter state appears thermal to a static observer. However, it breaks some of the symmetries of de Sitter space. We calculate the expectation value of the energy-momentum tensor in the Unruh-de Sitter state in two dimensions and find a non-vanishing flux of outgoing negative energy. Extrapolating the result to four dimensions, we argue that this backreacts on the initial de Sitter geometry semi-classically. Notably, we estimate that de Sitter space is destabilized on a timescale set by the gravitational entropy; analogous to black hole evaporation, the endpoint of this instability is a singular geometry outside the regime of effective field theory. Finally, we suggest that the Unruh-de Sitter state may be a natural initial state for patches of de Sitter space, and discuss the implications for slow-roll and eternal inflation, and for de Sitter thermodynamics.
Introduction
There have been contradictory claims about the quantum instability of de Sitter space. In much of the literature, a common and very reasonable approach is to start out with perturbative quantum fluctuations in the Bunch-Davies state. Since that state is invariant under the de Sitter isometry group, the question boils down to whether or not (and how) de Sitter symmetry becomes anomalous. Over the years different authors, employing a variety of techniques and methods, have reached different conclusions on the ultimate fate of de Sitter space. The predictions include exact all-order stability [1] , slow or fast decay to flat space [2] [3] [4] [5] [6] [7] , and evolution towards a phase in which perturbative quantum field theory breaks down [8] . The different approaches, whose consistency and interpretation is not always transparent, make it difficult to compare results and reach consensus on this important question. This is particularly confusing in light of the fact that one would expect to be able to make unambiguous statements, at least in perturbation theory, as long as the de Sitter curvature is small, since an effective field theory description should be sufficiently accurate then.
Here we will propose yet another approach to the question of the quantum stability of de Sitter space. Our approach is motivated by lessons learned from the evaporation of black holes. Recall how we know that nonextremal black holes are quantum mechanically unstable. The emission of Hawking radiation from the horizon into the asymptotically flat geometry, where energy is well-defined and conserved, is not by itself sufficient to conclude that a black hole must evaporate: it is also necessary that there not be any compensating incoming energy flux from infinity. Indeed, for black holes there are two special quantum states which have Hawking radiation: the Unruh and the Hartle-Hawking states. Although an asymptotic observer measures thermal radiation in both of these states, it is only in the Unruh state that the black hole decays. In the Hartle-Hawking state, boundary conditions are such that the outgoing flux of energy is balanced by incoming flux from infinity; this state is therefore typically used to describe the maximally-extended eternal black hole in thermal equilibrium, rather than the evaporating black hole. In contrast, in the Unruh state there is no incoming flux from infinity and the outgoing flux is no longer compensated for: the black hole evaporates. Note also that, whereas the vacuum expectation value of the energy-momentum tensor is regular everywhere in the Hartle-Hawking state, in the Unruh state it features a singularity on the past horizon. Despite this, the Unruh state is accepted as a physically viable state because it is regular on the future horizon; the putative singularity on the past horizon is occluded by the collapsing matter forming the black hole.
We will translate these observations to the context of de Sitter space. The de Sitter counterpart of the Hartle-Hawking state is the Bunch-Davies state, a state annihilated by the full O(1, D) group of de Sitter isometries. Here we propose that one can also consider a de Sitter analogue of the Unruh state. As in the black hole case, this state imposes different boundary conditions for incoming and outgoing fluxes. It also breaks homogeneity by identifying a special static patch region. Correspondingly, the vacuum expectation value of the energy-momentum tensor is regular on the future horizon, but diverges on the past horizon. Nevertheless, as we will argue, this state is consistent and even reasonable from a certain point of view [9] . The first goal of this paper then is to explicitly construct the Unruh-de Sitter state.
The absence of an asymptotically flat region in de Sitter space means that one cannot rely on global energy conservation arguments to determine the backreaction in a given state [10] ; instead, a careful calculation of the expectation value of the energy-momentum tensor is required to analyze the stability of the background. Our second goal, then, is to compute the vacuum expectation value of the energy-momentum tensor in the Unruh-de Sitter state. Unfortunately, as in black hole geometries, a direct computation of this quantity is not straightforward [11] . We therefore focus on 1+1 dimensional de Sitter space, where the calculation is more tractable and can be readily interpreted for the different states. For the Bunch-Davies state, we find the well-known result that the vacuum expectation value of the energy-momentum tensor is proportional to the metric, as it must be in order to preserve the de Sitter isometries. This renormalizes the bare cosmological constant but does not destabilize de Sitter space. But for the Unruh-de Sitter state, we find a quantum violation of the null energy condition, as with Hawking radiation from black holes.
We also find that the energy-momentum tensor is singular on the past horizon. Under certain assumptions, which we spell out, the 1+1 results can then be generalized to the s-wave sector of 3+1 dimensional de Sitter space.
We then estimate the backreaction on the geometry. Although the expectation value of the energy-momentum tensor in the Unruh-de Sitter state is inhomogeneous, we can, to first approximation, analyze the instability at the level of the Friedmann equation. As happens with evaporating black holes, the direction of the instability in the Unruh state is not towards Minkowski space but rather towards a singular geometry whose description lies outside the semi-classical regime. Again in parallel with the black hole case, the time-scale of the instability is set by the gravitational entropy, that is H t ∼ M 2 p /H 2 . As such, the instability cannot explain the smallness of the cosmological constant (being both too slow and in the wrong direction) but when applied in the context of eternal inflation it could potentially destabilize Hubble-sized regions of de Sitter space. This paper is organized as follows. In section 2, we recall some elementary results about quantum fields in Rindler and Schwarzschild backgrounds. In particular, we review the different choices of state one can make and present the resulting vacuum expectation value of the energy-momentum tensor in those states. In section 3, we translate the problem to de Sitter space, defining the Unruh-de Sitter state. In section 4, we calculate the vacuum expectation value of the energy-momentum tensor in two and four dimensions. In section 5, we use the expectation value to analyze the instability of de Sitter space in the Unruh-de Sitter state. We give a bound on the maximal number of e-folds before the semi-classical description breaks down. For most of the paper we emphasize the mathematical consistency of the Unruh-de Sitter state, but, in section 6 we argue that in many circumstances for which de Sitter space is used to approximate primordial or late-time cosmology, the Unruhde Sitter state is a natural choice. We consider the potential implications of our results for (eternal) inflation and for the de Sitter swampland conjectures [12, 13] .
States and backreaction in Rindler and Schwarzschild geometries

Rindler space in 1+1 dimensions
Let us begin with a brief review of two-dimensional Rindler space. In Rindler coordinates the line element reads
The Minkowski inertial coordinates t and x are related to Rindler coordinates in the right Rindler wedge, x > |t|, through
Define lightcone coordinates with respect to Minkowski time t and Rindler time τ :
They are related by
(2.4)
in the right Rindler wedge, U < 0 < V . Then the line element becomes
Now consider a massless, minimally-coupled (therefore also conformal) scalar field. We can expand the field in Minkowski modes, for which positive frequency is defined with respect to i∂ t , where t is the proper time of an inertial observer. Upon quantization, we call the operators that multiply these modes theâ operators. Alternatively, we can decompose the field in modes that have positive frequency with respect to i∂ τ , the proper time of a Rindler observer. We call the corresponding operators theb operators. For the reader's convenience the relevant details of quantum field theory in Rindler space are reviewed in the appendix. For a conformal theory solutions to the wave equation split into left-and right-moving parts:
There are then four special cases of vacuum states because we can select either the a vacuum or the b vacuum for the left-moving and right-moving modes independently. Choosing both left-and right-movers to be in the a vacuum selects the Poincaré-invariant or Minkowski vacuum, |0 M . Choosing both to be in the b vacuum selects the Rindler vacuum, |0 R . But note that it is also possible to make asymmetric choices, choosing an a vacuum for the left-movers and a b vacuum for the right-movers, or vice versa. The vacuum expectation value of the stress tensor, which classically is given by
can be computed by expanding ϕ in modes that solve the wave equation and evaluating the resulting mode sums. As we review in the appendix, this computation yields the well-known result
We see that, relative to the Minkowski vacuum, the Rindler vacuum has a negative energy density which is singular at the past (V = 0) and future (U = 0) acceleration horizons. These singularities make the Rindler vacuum unphysical. Note also that in principle one could make a hybrid, asymmetric choice to allow for states that are singular at only one of the horizons. We do not usually make such asymmetric vacuum choices in Minkowski space because even a singularity at one horizon would render it unphysical. An entirely analogous story applies to quantum fields in the background of black holes, which we take here to be a Schwarzschild black hole for simplicity. The counterpart of the Poincaré-invariant state is the Hartle-Hawking state, while the counterpart of the Rindler vacuum is the Boulware vacuum. But in addition, for physical black holes we also have the Unruh state. This is an asymmetric state in which the outgoing (U ) vacuum is chosen to be annihilated by theâ operators, while the ingoing (V ) vacuum is chosen to be annihilated by theb operators. This state is singular on the past horizon but regular everywhere else. In the context of a black hole that forms from a collapsing star, however, the Schwarzschild geometry is replaced at early times by the geometry of the collapsing star. This covers up the past horizon so that the would-be singularity there is of no physical relevance. Thus, the Unruh state is acceptable and in fact natural. As we shall see, the de Sitter counterpart of the black hole Unruh state is well-defined on an entire planar patch and might even be a natural alternative to the commonly used Bunch-Davies state. These results are summarized in Table 1 . We have included the time-reversed Unruh state, for which the singularity occurs on the black hole future horizon; this, of course, is not a physically reasonable state if one assumes that the equivalence principle holds and that nothing special therefore happens at the future event horizon.
The Unruh-de Sitter state
Let us now define the Unruh state of a massless, minimally coupled scalar field in de Sitter space. For simplicity, we will first consider a scalar field in two-dimensional de Sitter space and later extend our result to four dimensions. Recall the line element in static coordinates
These coordinates cover only the static patch of de Sitter space. In terms of the tortoise coordinate
one finds that two-dimensional de Sitter space is conformally flat
Following the conventions of Gibbons and Hawking [14] , we define the lightcone coordinates 4) in terms of which the positive frequency solutions to the wave equation are the same as in flat space:
We will also make use of planar coordinates for which the line element is
The static radial coordinate is not to be confused with the planar comoving radius. Finally, we define global lightcone coordinates (see Figure 1 ) which can be analytically continued to provide a global cover of de Sitter space. In terms of static coordinates, the global lightcone coordinates are
In terms of planar coordinates the lightcone coordinates are 8) where the static radial coordinate is not to be confused with the planar comoving radius. The line element in these coordinates is
(3.9) Using these coordinates, the wave equation has positive frequency solutions given by
10)
The Bunch-Davies state, understood as the analogue of the Hartle-Hawking vacuum for black holes, is now defined as the state that is annihilated by theâ operators that multiply the positive frequency modes (3.10) for both incoming and outgoing modes, that is 1
The static vacuum, which is the counterpart of the Boulware state for black holes, can be defined as the state that is annihilated by theb operators that multiply the positive frequency modes (3.5) for both incoming and outgoing modes:
Finally, the Unruh-de Sitter state is the state whose incoming modes (moving towards an r = 0 observer from the past horizon) are annihilated by theâ operator, but whose outgoing modes (moving away from an r = 0 observer towards the future horizon) are annihilated by theb operator:â
It is this state that we would like to study in more detail. Now, in order to define the Unruh state, we made use of the fact that because of the conformal nature of the field in two dimensions, the left-moving and right-moving sectors decoupled and their vacua could be defined independently. In four dimensions, the incoming and outgoing sectors do not decouple. However, we can still define their vacua independently. To see this, note that the wave equation for a (possibly massive) scalar field expressed in static coordinates is
Near the horizon, this reduces to (−∂ 2 t + ∂ 2 r * )ϕ = 0 which can indeed be written in terms of decoupled incoming and outgoing modes. The operator coefficients of those modes can now be used to define the U and V vacua independently.
The Unruh-de Sitter state is essentially a hybrid of the Bunch-Davies and the static de Sitter vacuum, making an asymmetric state choice for incoming (Bunch-Davies) and outgoing (static) modes. As a consequence, it breaks the de Sitter symmetries in the outgoing sector, by explicitly identifying a special free-falling observer, as in the static vacuum. It follows that the Unruh-de Sitter state preserves the same symmetries as the static vacuum, namely SO(3) × R. This will have important consequences for the analysis of the expectation value of the energy-momentum tensor and the corresponding consistency and stability of the state, to which we now turn.
Expectation value of the energy-momentum tensor
To evaluate the energy-momentum tensor in any particular state, one could expand the field ϕ using the corresponding modes in the different sectors, insert that into
and calculate by brute force. The disadvantage of this direct procedure, however, is that a proper regularization scheme is required to obtain a finite answer, which is of course somewhat subtle in curved spacetimes [15] . Here we will bypass the subtleties by employing an approach pioneered by Christensen and Fulling [16] . We will impose various consistency conditions that the components of T µν should satisfy, independent of the state under consideration. This allows us to construct the expectation value of the energy-momentum tensor without the need for an explicit regularization procedure that might obscure the relevant physics.
Consistency conditions in two dimensions
The vacuum states that we would like to consider are all spherically symmetric, and time-translation invariant, but not necessarily homogeneous. Hence will allow the energymomentum tensor components to depend only on the radius: T µν = T µν (r) . As we shall see, this will be all the freedom needed to describe a two-parameter family of states that includes all the states we are interested in. Now, using static coordinates in two dimensions, the conservation of the energymomentum tensor
leads to two differential equations for the components of the energy-momentum tensor:
The first equation is solved by
where Φ is a constant. A non-zero off-diagonal component of the stress tensor implies that there is a net energy flux; positive Φ corresponds to positive energy in the outgoing direction. The second equation can be solved by noting that a massless scalar field in two dimensions is conformally invariant. Then the trace of the energy-momentum tensor picks up a state-independent conformal anomaly. For two-dimensional de Sitter space the conformal anomaly is [17]
We then find
+ Ω .
We see that the constant Ω is associated with the energy density measured by an observer at r = 0. Together with the flux Φ, these two constants parameterize the conserved energy-momentum tensor of any two-dimensional conformally-invariant scalar in a timeindependent spherically-symmetric quantum state.
Transforming to global lightcone coordinates, the result is particularly elegant:
(4.7)
The interpretation of the different components is as follows. The off-diagonal T U V term is completely fixed by the conformal anomaly and is state-independent. The diagonal components describe the (null) energy present in the state under consideration. The T U U component describes the energy density at a constant U slice and is determined by the state selected for the incoming modes. Similarly, T V V captures the energy along a constant V slice and is fixed by the state selected for the outgoing modes. Note that for generic Ω and Φ parameters the energy-momentum tensor is singular at both the future (U = 0) and past horizon (V = 0). Only for special values of these parameters are the singularities absent.
Different states can now be identified with particular values of the flux Φ and energy density parameter Ω, or equivalently by specifying incoming and outgoing null energy. Notice that if we set the net flux Φ to zero, the U U and V V components take the same form. On the other hand, when Φ is non-vanishing, the additional contribution to the diagonal null components of the stress tensor carries different signs; a net incoming flux of positive energy particles, corresponding to negative Φ, contributes positively to T U U and negatively to T V V .
Since two-dimensional spacetimes are conformally flat, we can relate states constructed in Minkowski space to states in de Sitter space simply by performing a conformal transformation [17] . Doing this for the Rindler vacuum, we obtain the static vacuum state in de Sitter space. The static vacuum is the empty state for a static observer at r = 0. Hence, we anticipate that there should be no net flux and no additional energy density associated to particles in the static vacuum, suggesting that
The vacuum expectation value of the energy-momentum tensor then is
which indeed agrees with the known results obtained by a conformal transformation [17] or by direct evaluation of mode sums [15] . As for the Rindler vacuum, the static vacuum in de Sitter space is singular on both the past and future horizons. It is therefore not a physically reasonable state.
By instead insisting that the energy-momentum tensor be regular at both the future and past horizon, we uniquely single out the Bunch-Davies vacuum
For this state, the expectation value of the energy-momentum tensor is given by 11) in agreement with standard results [15] . Even though all free-falling observers see a thermal spectrum of particles [14] , the incoming and outgoing thermal flux of particles cancel, while the energy density parameter is indeed the appropriate one for a therd mal distribution of particles at the de Sitter temperature T dS = H/2π. In this sense, the Bunch-Davies state is a careful equilibrium of fluxes, just as the Hartle-Hawking state is for black holes. Indeed, in two dimensions the Bunch-Davies vacuum is conformally related to the Hartle-Hawking state for black holes and the Minkowski vacuum in flat space. Furthermore, because the Bunch-Davies state preserves all de Sitter symmetries, since it is proportional to the metric, the energy-momentum tensor does not result in backreaction and just renormalizes the bare cosmological constant.
Finally, let us break the symmetry between incoming and outgoing flux. To construct the Unruh-de Sitter vacuum, we would like to define the incoming sector to be in the Bunch-Davies vacuum and select the static vacuum for the outgoing sector. The energy density in this Unruh-de Sitter vacuum should therefore agree with the incoming energy density T U U of the Bunch-Davies vacuum and the outgoing energy density T V V of the static vacuum. To achieve this we need a net amount of positive energy incoming flux, corresponding to a negative value of Φ, and an energy density contribution Ω that is half that of the Bunch-Davies state
The energy-momentum tensor in the Unruh-de Sitter state then indeed equals
which is only singular at the past horizon, as anticipated. Again, the same energymomentum tensor can also be obtained by a conformal transformation from the Unruh state for the two-dimensional Schwarzschild black hole or by explicitly evaluating the relevant mode sums.
Let us make a few comments regarding the form of the energy-momentum tensor in the Unruh-de Sitter state. First of all, notice that by construction an observer at r = 0 in this state only observes a fixed amount of incoming flux. By removing the outgoing flux, as compared to the Bunch-Davies state, this has resulted in a negative energy density along a constant V slice that violates the null energy condition and is singular at the past horizon. As a consequence, the Unruh-de Sitter state is well-defined on the entire planar patch and can potentially be used as a physically acceptable state in this region, similar to what happens in the black hole case. There, the Unruh state is constructed by just considering outgoing flux, implying the Hartle-Hawking vacuum for the outgoing sector and the empty Boulware vacuum for the incoming sector. As a result, an asymptotic observer only measures radiation coming from the past horizon, where the energy density actually becomes singular, and the resulting stress-tensor violates the null energy condition [16] , allowing the black hole horizon to shrink.
Finally, since the Unruh-de Sitter state is well-defined on the planar patch, it is of interest to consider the energy-momentum tensor, transformed to planar coordinates:
14)
In these coordinates, the singularity at the past horizon (V = H −2 (r − η) −1 = 0) is no longer manifest. 2 As mentioned before, this implies that the Unruh-de Sitter state is an acceptable state on the planar patch. Naively one might have expected any departure from the Bunch-Davies vacuum to redshift away exponentially fast, but by transforming the time-time component to the standard planar time coordinate t, given by ∂η/∂t = −Hη, we find a continuous source of (incoming) positive vacuum energy that does not redshift away. Furthermore, in the limit (−r/η) 1 (corresponding to superhorizon scales), the above expressions reduce to the energy-momentum tensor in the Bunch-Davies state. At large superhorizon distances the de Sitter symmetries are restored. The relevant subhorizon contributions are finite, very small, and break some of the de Sitter symmetries (only rotational invariance and time translations are preserved). Of course, these exact results are strictly two-dimensional, so let us now see if and how this result can be generalized to four dimensions.
Generalization to four dimensions
The method we used to construct the energy-momentum tensor in two dimensions in principle generalizes without much difficulty to four dimensions. The main difference, besides the absence of the conformal anomaly, is that the additional components of the energymomentum tensor imply more free parameters, unless additional constraints are imposed. By constraining to emission in the s-wave sector we expect the difference between the two and four-dimensional case to be captured by a greybody factor. As we will argue more precisely below, close to the horizon this ensures that the s-wave energy-momentum tensor in four dimensions is effectively two-dimensional.
Consider a massless scalar field in four-dimensional de Sitter space in static coordinates. The line element is 15) and the action for a minimally-coupled scalar field is
If we restrict to the s-wave sector, ϕ ≡ ϕ(t, r), we can integrate over the two-sphere to obtain an effective two-dimensional action:
Here g 2 is the determinant of the metric of two-dimensional de Sitter space. We can go to a canonically normalized field by rescaling:
so that the action becomes
where
We see that the difference between the action of a scalar field in two dimensions and that of the s-wave sector in four dimensions is captured by the effective potential V eff (φ), which vanishes at the horizon r = 1/H. The radial potential modifies the propagation of modes away from the horizon to the center of de Sitter space, which can effectively be described by greybody factors. In general, under the assumptions that T µν = T µν (r) and that the only nonvanishing off-diagonal component is T tr , conservation of the energy-momentum tensor 21) leads to the following differential equations
An important difference with two dimensions, for which a massless scalar field is automatically conformally invariant, is that a minimally-coupled scalar field in four dimensions is not conformally invariant. Consequently, the trace T µ µ is not fixed by the conformal anomaly and does not introduce additional constraints.
The most general solution to (4.22) is given by
23)
, with Φ, ∆ constants and
As before, we see that a non-vanishing Φ introduces a net flux and breaks the symmetry between incoming and outgoing modes. Also notice that the T tr component has an apparent singularity at r = 0 and at r = 1/H. The singularity at the origin is just an artefact of using static coordinates. The flux density diverges at r = 0 due to the vanishing area of the two-sphere, but the total radial energy density obtained by integrating over the two-sphere is still finite. In contrast, the singularity at the horizon only vanishes for particular vacuum states. We have seen that the action for the four-dimensional massless minimally coupled scalar in the s-wave sector effectively reduces, at the de Sitter horizon, to the action of a massless minimally coupled scalar field in two dimensions. This implies that close to the horizon the two energy-momentum tensors are related as follows 25) where the prefactor follows from the canonically rescaled field, (4.18), evaluated at the horizon, r = 1/H. The expression should be evaluated at the future horizon in a nonsingular coordinate system. For the Unruh-de Sitter state one finds using (4.13) that
which has been evaluated at the future horizon (U = 0). As before, we see that the energy-momentum tensor in the Unruh-de Sitter state is singular at the past horizon and breaks de Sitter symmetries. It just preserves SO(3) × R, corresponding to rotations and a time translation. The state is inhomogeneous by introducing a continuous source of incoming positive energy (Gibbons-Hawking) flux. As a result one would expect a nontrivial backreaction effect on the initial de Sitter geometry. Also note that, as in the two-dimensional example, the null energy density of the Unruh-de Sitter state is negative.
In the class of spherically symmetric, regular, states the Bunch-Davies vacuum now seems special, with incoming and outgoing fluxes precisely cancelling each other. Only for this special (symmetric) choice the energy-momentum tensor is proportional to the de Sitter metric, preserving the de Sitter isometries. Now that we have analyzed the vacuum expectation value of the four-dimensional swave energy-momentum tensor in the Unruh-de Sitter state close to the horizon, let us next turn to an estimate of the backreaction it should induce on the de Sitter geometry.
Backreaction and de Sitter evolution
Before describing our analysis of backreaction in the Unruh-de Sitter state, let us once more compare the situation to the black hole case. An important difference is that for black holes one can rely on a globally conserved Hamiltonian, which makes estimating the backreaction effect rather straightforward. In the Unruh state, there is an outgoing flux of positive energy; the conservation of energy then immediately implies that the mass of the black hole must decrease. In de Sitter space there is no globally conserved energy, so one has to use the local semi-classical Einstein equations. We will estimate the backreaction on the geometry by assuming the Unruh-de Sitter state for a minimally coupled scalar field and inserting the renormalized vacuum expectation value into the semi-classical Einstein equation
where Λ is the physical cosmological constant and
The semi-classical Einstein equation is presumably valid as long as the right-hand side is small. We will assume a semi-classical de Sitter space ( √ Λ ∼ H M p ) as our initial background, in order to reliably calculate the right-hand side of the equation and then estimate how the small energy-momentum tensor correction affects the geometry on the typical Hubble timescale of the initial de Sitter geometry. To get a first indication of the magnitude of the backreaction effect and confirm the perturbative nature of the correction, one can compare the Unruh-de Sitter stress tensor expectation value to the classical, cosmological constant, source. This already tells us that if there is a non-trivial effect on the geometry, it will be suppressed as H 2 /M 2 p . This is again analogous to the situation for evaporating black holes. There T µν is calculated for a static Schwarzschild spacetime, even though the outgoing Hawking flux in the Unruh state renders the geometry only approximately static on the typical timescale set by the Schwarzschild geometry. Notice that even though the black hole Unruh state seems to preserve time-translation invariance, by imposing (global) energy conservation one is forced to conclude that the black hole geometry slowly decays. The latter can be understood as related to the singularity at the past horizon in the Unruh state, which should be replaced by collapsing matter, explicitly identifying an initial time and breaking the time-translation symmetry. Similarly, we would like to interpret the breaking of the time-translation symmetry in the Unruh-de Sitter state as due to the presence of the past horizon singularity, forcing one to pick an initial time, and correspondingly, an initial Hubble parameter.
It is important to emphasize that we have derived the four-dimensional energy-momentum tensor in the Unruh-de Sitter state only in the vicinity of the horizon. Nevertheless, to estimate the effects on the de Sitter geometry we will use a homogeneous and isotropic ansatz. This is, strictly speaking, incorrect: the expectation value of the energy-momentum tensor has not only an explicit radial dependence breaking homogeneity, but also an off-diagonal term. To estimate the backreaction we will take the near-horizon result and use it everywhere in a volume of roughly order one Hubble radius, assuming that on large superhorizon scales the energy-momentum tensor reproduces the energy-momentum tensor in the BunchDavies state. In the two-dimensional case, this is indeed exactly what happens (4.14) and although it seems reasonable to assume this remains true in four dimensions, it would be worthwhile to verify this more explicitly in future work. The situation is sketched in Figure 2 , where η 0 and r 0 identify the initial time and finite co-moving size of a potentialdominated homogeneous region of spacetime. This patch is inflating at a Hubble rate H 0 ≡ H(η 0 ). The shaded area corresponds to the region where the backreaction effect can be estimated.
Let us analyze the backreaction by starting with a homogeneous and isotropic FriedmannLemaître-Robertson-Walker line element
where t is now the planar time coordinate and a(t) the scale factor. Combining the timetime and spatial-spatial components of the Einstein equations, the evolution of the Hubble parameter is given byḢ where the dot denotes a time derivative with respect to t and T ηη is the time-time component of the energy-momentum tensor using conformal time ∂η/∂t = −Hη.
We will now use the value of the near-horizon energy-momentum tensor as a proxy for the energy-momentum everywhere in a Hubble-sized region. Again, in two dimensions this is an excellent approximation and we will assume this remains true in four dimensions. We then find (using (4.26))
Furthermore, just as in the black hole case we will choose to ignore the off-diagonal component, since it is not expected to affect the (local) Hubble parameter to leading order. In a more complete treatment it would certainly be interesting to include all components and verify this explicitly.
Plugging in the small and approximately homogeneous and isotropic energy-momentum tensor correction, the evolution equation for the Hubble parameter is (with N ≡ log a the number of e-folds and M −2 p = 8πG N the reduced Planck mass)
implying that the relative magnitude of the backreaction effect per e-fold is suppressed as (H/M p ) 2 , as we already anticipated. The inverse can then be associated to a bound on the lifetime of de Sitter space that is of the order of the de Sitter entropy
As observed earlier, the energy-momentum tensor in the Unruh-de Sitter state violates the null energy condition. By again referring to the analogy with black holes this should not come as a complete surprise: we know that black holes evaporate in the Unruh state and, by Hawking's area theorem, a decrease in the horizon area is only possible by violating the null energy condition locally, at the scale of the horizon. It would be interesting to study more general energy conditions such as the averaged null energy condition or the quantum null energy condition in this context. For now we conclude that the presence of a (small and negative) vacuum energy and pressure correction in the Unruh-de Sitter state effectively causes the Hubble radius to decrease. The evolution can be followed as long as the effects remain in the semi-classical regime, until it reaches a presumably highly curved, and ultimately singular regime, beyond an effective field theory description. Let us make a few final comments. To obtain an estimate of the effect of backreaction on the background geometry, we had to make some assumptions regarding the form of the energy-momentum tensor in four dimensions. Based on the two-dimensional result, we assumed the difference between the Unruh state and the Bunch-Davies vacuum to be confined to a Hubble-sized region. In addition, we also assumed the near-horizon value of the energy-momentum tensor to provide a reasonable estimate of the true energymomentum in a Hubble-sized region and we ignored the off-diagonal component of the energy-momentum tensor. It is important to stress however that, despite the subtleties in trying to track the evolution of the backreacted geometry, the conclusion that this Hubblesize region is unstable in the Unruh-de Sitter state seems to be unavoidable. Contrary to a (slightly perturbed) exactly homogeneous and isotropic energy-momentum tensor the continuous flux of stress energy in the Unruh-de Sitter state does not redshift away to reduce to the Bunch-Davies state, and as a consequence it breaks the de Sitter isometries and will non-trivially backreact. As for black holes in the Unruh state, the Unruh-de Sitter state contains negative outgoing null energy (given by T V V ), because of the removal of outgoing flux as compared to the Bunch-Davies vacuum. This small amount of negative outgoing null energy violates the null energy condition and causes the de Sitter horizon to shrink.
This somewhat surprising conclusion is further confirmed by the physics. In static coordinates we have seen that the Unruh-de Sitter state contains a continuous source of positive energy incoming flux. As is well known, adding energy to the static region indeed shrinks the cosmological horizon, which has for instance been used to compute corrections to the Bunch-Davies vacuum consistent with the obtained result [9] . This incoming positive energy flux is equivalent to an outgoing negative energy flux, passing through the horizon. This negative energy outgoing flux, in an analysis using planar (or Painlevé) coordinates, is violating the null energy condition and produces a small, but growing, correction to the Hubble parameter. Clearly though, in future work it would be of interest to go beyond the approximations we made here, and track the evolution of the instability more precisely using cosmological perturbation theory.
Consistency and interpretation
Although exact global de Sitter space is a very interesting spacetime, the typical cases of physical interest require only a geometry that is approximately de Sitter space in a few Hubble-size regions of space and time. Examples include i) the interior of a bubble of false vacuum and ii) a patch of space dominated by vacuum energy leading to inflation. In both these cases, the local geometry is essentially that of de Sitter space. However, certain global features of global de Sitter space -in particular, the existence of past horizons -are not necessarily present. Therefore the existence of a T µν that is singular at the past horizon is not immediately problematic. Again this is analogous to physical black holes that form from collapsing matter. In these scenarios the Unruh-de Sitter state therefore seems to be a plausible candidate for an initial state. More generally, any linear combination of the Bunch-Davies state and the Unruh-de Sitter state would also be acceptable. As a first step, in this work we constructed the Unruh-de Sitter state and presented a first analysis of the consequences for the subsequent evolution of de Sitter space.
If one were interested in using the Unruh-de Sitter state for cosmological purposes, one might worry that the introduction of an inhomogeneous initial state might be in direct conflict with observation. Inflationary states should produce a large, flat and extremely homogeneous observable universe. In fact, selecting the Unruh-de Sitter vacuum does not alter this expectation. The state picks out a preferred point, which can be regarded as the center of a finite potential-dominated region containing a homogeneous scalar field. This patch then exponentially expands and can accommodate the entire observable universe after roughly 60 e-folds of inflation. The inherent instability of the Unruh-de Sitter state becomes apparent only after S dS e-folds, which is much larger than 60 e-folds for reasonable values of the inflationary Hubble parameter. Additionally, in slow-roll models of inflation the 'backreaction' effect due to classical evolution is always much larger as long as one avoids the eternal inflation regime, forcing H 2 /M 2 p . We therefore expect a large suppression of these corrections to inflationary correlation functions. In other words, the effects due to the inhomogeneous nature of the Unruh-de Sitter state can safely be ignored in the context of 60 e-folds of slow-roll inflation. This possibly also relates to the following observation [9] : even though the static vacuum identifies a special observer, breaking homogeneity, all other free-falling observers will have a hard time to distinguish the static vacuum from the Bunch-Davies state. Formally one can identify the Bunch-Davies vacuum with the infinite boost light-like limit of the static vacuum. In other words, the properties of the Unruh-de Sitter state, as long as the number of e-folds is much smaller than the de Sitter entropy, are expected to be indistinguishable from the Bunch-Davies vacuum. We hope to explicitly confirm these expectations in future work.
Another point of concern with the Unruh-de Sitter state is how the decrease of the de Sitter horizon can be consistent with thermodynamics. De sitter thermodynamics and even the meaning of de Sitter entropy is a subtle subject [14, [18] [19] [20] [21] [22] [23] . Naively, the decrease in the horizon radius seems to violate the second law:
Of course, for black holes we know how this works. By taking into account the entropy of the emitted radiation, the total generalized entropy still increases. This suggests that in (a Hubble-size region of) de Sitter space, something similar could happen. To calculate the total entropy, we will make some assumptions. First, we will work in planar coordinates and consider the entropy change in a fixed proper volume, V . Also, as before, we will regard the vacuum energy to be homogeneous and isotropic. At fixed volume, the entropy change is given by
By using the continuity equationρ
where ρ is the energy density and p the pressure we can express this aṡ 11) where the dot denotes a derivative with respect to planar time, t. Any contribution from a cosmological constant (ρ = −p) drops out, as expected. By combining this with the result for the change in horizon area and by using the Friedmann equations, the total entropy change can be written aṡ
If we make the further assumption that the vacuum temperature is uniform and given by the de Sitter temperature, we find that both entropy contributions in a fixed Hubble volume V = 4π 3H 3 cancel exactly such thaṫ 13) which saturates the second law. This behavior was already observed in [24] , indicating that a decrease of the horizon area is not necessarily in conflict with the second law when applied to a single Hubble-sized volume. That the generalized entropy vanishes in a Hubble volume is also supported by Bousso's N -bound [25] , which states roughly that the entropy in a causal diamond in a spacetime with a positive cosmological constant is bounded from above by the de Sitter entropy. Because the static patch region is the largest causal diamond in de Sitter, it must be that S total ≤ S dS . At the same time, if we assume the initial entropy to be given by the de Sitter entropy, then the generalized second law implies S total ≥ S dS . The only way these two bounds can be consistent with each other is if the total entropy in a static patch region remains constant.
For volumes larger than the proper volume of a static patch, the N -bound no longer applies and the vacuum entropy term in (5.12) dominates over the horizon contribution. We then haveṠ total > 0 , (5.14) provided that (ρ + p) < 0. Notably this is the case in the Unruh-de Sitter state. We see that, if these back-of-the-envelope calculations and their underlying assumptions are valid, then a decrease in horizon area is not necessarily in conflict with the second law of thermodynamics.
Summary and Discussion
In this paper, we have considered a massless minimally coupled scalar field in a de Sitter background in a novel state -the Unruh-de Sitter state -which is the de Sitter counterpart of the black hole Unruh state. We computed the vacuum expectation value of the energymomentum tensor in the Bunch-Davies, static, and Unruh-de Sitter vacua and related the two-dimensional energy-momentum tensor to the near-horizon energy-momentum tensor in four dimensions in the s-wave sector. We then argued that the Unruh-de Sitter state, which is only singular at the past horizon, might be a viable and natural alternative to the de Sitter-invariant Bunch-Davies state typically assumed in inflationary applications.
Modifications to the standard predictions from 60 e-folds of slow-roll inflation assuming the Bunch-Davies state are expected to be negligible. However, it does suggest a fundamental bound on the maximum number of e-folds given by the de Sitter entropy for at least a Hubble-sized region, before one enters a strongly curved regime. This could have important consequences in the context of eternal inflation, and related to that, anthropic scenarios involving the string landscape. Such a bound might also be relevant in the context of the recent (refined) de Sitter swampland conjectures [12, 13] . Note however that, first of all, the instability in the Unruh-de Sitter state is much slower than in any of the de Sitter swampland conjectures, removing any potential tension with single field slow-roll inflation or dark energy constraints. Moreover, the instability evolves towards smaller de Sitter radii which, as we have explained, can be understood physically by the presence of a continuous source of negative energy outgoing flux. This is to be contrasted with the de Sitter swampland conjectures, for which the de Sitter radius increases. This different behavior is not in conflict with our results, as the physical system under consideration is rather different; in the de Sitter swampland conjectures it is assumed that a tower of states becomes light and contributes to the de Sitter entropy, whereas we are just relying on an effective analysis of a single massless scalar field in the de Sitter background. Our results therefore seem to be more closely related to the so-called "quantum break time" of de Sitter space that was recently revisited in [26] , and perhaps to the vacuum state modifications suggested in [27] .
The physical origin of the backreaction effect is clear. Similar to black holes, one identifies a special static observer who measures a continuous positive energy flux of incoming thermal radiation or, equivalently, an outgoing flux of negative energy. This produces a backreaction effect that shrinks the horizon ever so slightly. Our conclusion is also supported by the complementary point of view in terms of radiation tunnelling through the de Sitter horizon [28] . In an effective field theory description of the tunneling process in de Sitter space one indeed requires the identification of a state that is empty for an observer freely falling through the horizon. As for black holes [29] , this naturally selects the Unruh state. The asymmetric nature of the state is crucial, since it introduces unbalanced incoming and outgoing fluxes, breaking equilibrium. Indeed, within the class of all isotropic states that are non-singular on the future horizon, the Bunch-Davies state would now seem rather fine-tuned.
By allowing isotropic vacuum states that introduce singularities only at the past horizon, the situation in de Sitter becomes analogous to that for black holes. For initial Hubble parameters far below the Planck scale the backreaction is tiny and measured in terms of the de Sitter entropy. As a consequence we do not expect any important effects in the context of slow-roll inflationary phases, which require only of the order of 10 − 100 e-folds. But it would certainly be interesting to show this explicitly in terms of correlation functions. Finally, we speculate that by introducing a family of Unruh-de Sitter states, all producing large, flat, and approximately homogeneous universes after a finite phase of slow-roll inflation, one could alleviate some fine-tuning issues related to the initial conditions of inflation. We hope to report on many of these remaining questions in future work.
A Energy-momentum tensor in the Rindler vacuum
In this appendix, we will calculate the expectation value of the energy-momentum tensor of a free scalar field in the Rindler vacuum. We have
This expression becomes particularly simple in the lightcone coordinates
where we find
To evaluate these expressions, we need to expand the scalar field in mode functions. An expansion in modes that are positive frequency with respect to a Minkowski observer is given byφ The first term on the right-hand side of (A.10) is UV-divergent and we need to impose some regularization procedure to obtain a finite answer. Because the Rindler vacuum and Minkowski vacuum contain the same UV divergence we can obtain a regular answer by considering the difference between the energy-momentum tensor in the Rindler and Minkowski vacuum. Using the expressions (A.10) we obtain
Then, using the expression for the Bogolubov transformation (A.8) and evaluating the integral, we obtain the result [30] 0 R |T U U |0 R − 0 M |T U U |0 M = − 1 48πU 2 , (A.12)
Locally, the Rindler vacuum has a negative energy density as compared to the Minkowski vacuum.
